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Introduction
The Epidermal growth factor receptor (EGFR) family of receptor tyrosine kinases (RTKs), including EGFR, ErbB2, ErbB3 and ErbB4, form homo-or heterodimers and play key roles in epithelial development and homeostasis while their deregulation contributes to most epithelial cancers 1 . Upon ligand-binding the RTK dimers are activated, leading to recruitment of signalling molecules that initiate intracellular signalling cascades. ErbB3 has limited kinase activity but growing evidence highlight its potent oncogenic activity. In particular, ErbB3 has been linked to the migratory behaviour and line with the findings that impaired recycling of integrin leads to its rerouting to the lysosomes 15, 30 .
Notably, total protein levels of integrin b1, as determined by immunoblotting, did not change significantly in the absence of ErbB3 (Fig. 1e) , while quantitative PCR analysis showed a modest 1.7-fold increase in integrin b1 mRNA levels (Fig. 1f ). This suggests that elevated de-novo synthesis of integrin b1 compensates for the higher rate of integrin turnover in ErbB3-silenced cells. Interestingly, the uncovered requirement for ErbB3 for integrin recycling is independent of ErbB3 ligand-induced cell signalling since the recycling assay was conducted in cell culture medium devoid of growth factors.
To address if ErbB3 regulates endocytic recycling in a cargo-specific or unspecific manner we explored if depletion of ErbB3 also influences trafficking of the transferrin receptor (TfR). The TfR has been extensively studied as an example of a cell surface receptor that undergoes continuous internalisation and effective recycling, with limited sorting to late endosomes and lysosomes 31 . Cell surface TfR was tagged with Alexa594-conjugated transferrin on ice for 30 minutes. Unbound labelled transferrin was washed away and cells incubated at 37°C in the presence of unlabelled transferrin for up to an hour. Cells were brought back on ice and subjected to low pH treatment to quench Alexa594 that had returned to the cell surface, followed by visualisation of chased transferrin retained in endosomes by fluorescence imaging (Fig. 1g ). After 1 hour at 37°C, most labelled transferrin had recycled. By contrast, half of the chased transferrin was still retained in endosomes in cells treated with ErbB3 siRNA (Fig. 1g,h ).
In order to address if ErbB3 specifically regulates the recycling pathway or if it plays a more general role in exocytic trafficking, we analysed the trafficking of ectopically expressed vesicular stomatitis virus, VSV-G-ts-GFP. This temperature sensitive form of VSV-G accumulates in the endoplasmic reticulum (ER) at 40°C. Upon shift to 32°C the protein traffics via the TGN and in a Rab11-dependent manner to the cell surface. We found that silencing of ErbB3 did not affect the rate by which VSV-G is transported from the ER to the cell surface as monitored by pull-down of surface biotinylated proteins (Supplemental Fig. 1 ).
Taken together, these results suggest a role for ErbB3 in promoting endocytic recycling of both b1 integrin and TfR in a manner that does not require ligand-stimulation of ErbB3.
ErbB3 is required for delivery of b b1 integrins to the leading edge of migrating epithelial cell sheets
Endocytic recycling is important for polarised distribution of integrins in migrating cells 13, [32] [33] [34] and integrin b1 localizes to the leading edge of migrating epithelial cells in a Rab4-dependent manner 13 .
To test if ErbB3 regulates the distribution of newly recycled integrin b1 in sheets of migrating epithelia, a scratch was inflicted on confluent monolayers of MCF10A and incubated with surface labelling Alexa488-conjugated integrin b1 antibody for 1 hour on ice, prior to removal of the antibody and subsequent incubation at 37°C for 1 hour. Chased integrin b1 and actin was visualised in cells at the leading front of the migrating cell sheet by immunofluorescence imaging (Fig. 2a) . In control siRNAtransfected cells, surface integrin b1 localized at the leading front and along cell-cell contacts both prior to and after 1 hour tracing at 37°C (Fig. 2a) . By contrast, in ErbB3-depleted cells, surface integrin b1
was only visible along cell-cell contacts but not at that leading front prior to the chase, while after 1 hour at 37°C, the level of chased integrin b1 diminished markedly (Fig. 2a) . This result suggests that ErbB3 is required for recycling of b1 integrins back to the cell surface and that impaired recycling instead causes integrin degradation.
Given that recycling of b1 integrins is critical for cell migration one would predict that loss of ErbB3 impairs cell motility. We therefore subjected control or ErbB3 siRNA-transfected MCF10A cells to a scratch "wound healing" assay (Fig. 2b,c) . siRNA-depletion of ErbB3 reduced the rate of scratch closure by about half compared to control cells. The assay was performed in the presence of the dual EGFR/ErbB2 specificity inhibitor lapatinib, in order to eliminate influence of canonical EGFR/ErbB2 signalling known to promote cell migration 35, 36 . Thus, ErbB3 can promote cell migration independently of transphosphorylation by EGFR or ErbB2.
Loss of ErbB3 causes lysosomal degradation of internalised b b1 integrins
Our experiments chasing the fate of surface-labelled integrin b1 indicate that loss of ErbB3 prevents recycling of endocytosed integrin and directs it towards degradation. In order to directly assess the impact of ErbB3 on integrin b1 stability, we subjected control or ErbB3 siRNA-transfected cells to treatment with the protein synthesis inhibitor cycloheximide and monitored integrin b1 levels by western blotting (Fig. 3a,b) . While integrin b1 remained fairly stable in control cells for up to 8 hours of blocked protein synthesis, integrin levels gradually decreased in ErbB3-depleted cells (Fig. 3a,b) . To complement the cycloheximide data, we performed a pulse-chase analysis of integrin b1 turnover.
Control or ErbB3 siRNA-transfected MCF10A cells were labelled with 35 S-methionine/cysteine for 1 hour, followed by chasing with un-labelled amino acids at 37°C. Integrin b1 was subsequently immunoprecipitated and the retained 35 S-label determined by radiography. The data show that ErbB3-depleted cells exhibited accelerated integrin b1 turnover as compared with control-treated cells (Fig.   3c,d ).
In order to determine if loss of ErbB3 promotes degradation of b1 integrins by the lysosomes, we next traced surface-labelled integrin b1 in control or ErbB3 siRNA-transfected MCF10A cells by confocal fluorescence microscopy, in the presence or absence of the lysosomal inhibitor chloroquine (Fig. 3e) . Chloroquine treatment caused traced integrin b1 to accumulate in cells bordering the migratory front of scratched monolayer of both wild type and ErbB3-depleted cells. Quantification of fluorescence intensity of traced integrin b1 showed that while levels are reduced by about 50% in the ErbB3-depleted cells, consistent with its increased protein turnover, chloroquine restored levels to those of wild type cells (Fig. 3f ). This result demonstrates that elevated integrin b1 turnover caused by ErbB3-loss is due to increased lysosomal degradation.
ErbB3 and b b1 integrins associate with Rab4-positive recycling endosomes
To investigate if ErbB3 and integrin b1 co-localize, we visualized their subcellular localisation by confocal microscopy. ErbB3 localised predominantly in intracellular vesicles in MCF10A cells (Fig.   4a ). Surface-labelled integrin b1, that had been allowed to internalise for 30 minutes, co-localised only sporadically with ErbB3-mCherry. However, following a brief 10 minutes treatment with primaquine that blocks endocytic recycling, prominent co-localisation was observed (Fig. 4a) , suggesting that
ErbB3 and b1 integrins co-exist in recycling endosomes. To test if ErbB3 resides in recycling compartments, ErbB3-mCherry was co-expressed with either GFP-Rab4 or GFP-Rab11 in MCF7 cells followed by treatment with either primaquine or vehicle alone for 10 minutes and subsequent visualisation of the proteins by confocal imaging (Fig. 4b,c,d ). Upon primaquine-treatment, ErbB3 associated extensively with Rab4-positive vesicles, while no co-localization was apparent between
ErbB3 and Rab11-positive compartments. We also examined if ErbB3-mCherry localises in Rab5 or EEA1 positive early endosomes (Supplemental Fig. 2a,b) . Limited perinuclear co-localization of ErbB3
and GFP-Rab5 could be observed, however, peripheral Rab5 or EEA positive vesicles did not colocalise with ErbB3. Taken together these results indicate that ErbB3 associates with b1 integrins on Rab4-positive fast recycling endosomes.
ErbB3 interacts with Rabaptin5 and GGA3 to promote their stability
We next explored whether or not ErbB3 physically interacts with b1 integrins or selected components of the machinery implicated in sorting b1 integrins for Rab4-dependent fast recycling, including Rab4, Rab5, the Rab4/5 effector rabaptin5, the adaptor protein GGA3 and the sorting nexin 17 (SNX17). Towards this end, we immunoprecipitated endogenous ErbB3 from MCF10A cell extracts and examined co-precipitating proteins by western blotting. While we did not detect coimmunoprecipitation of ErbB3 with integrin b1, Rab4, Rab5 or SNX17 (data not shown), we found that both GGA3 and rabaptin5 co-precipitated efficiently at the endogenous level (Fig. 5a ). The interaction of ErbB3 with GGA3 or rabaptin5 increased after a 30-minute treatment with primaquine, consistent with them interacting in the recycling compartment. GGA3 has previously been shown to be required for Rab4-dependent recycling of b1 integrins, TfR and c-Met 14,15,17 , while rabaptin5, which is an accessory protein of GGA3, has been shown to regulate Rab4-dependent recycling of b3-integrins.
GGA3 and rabaptin5 are therefore plausible molecular players in ErbB3-regulated endocytic recycling.
Next, we tested if rabaptin5 and ErbB3 can interact directly with one another in vitro.
Recombinant GST-tagged ErbB3 was incubated overnight with purified MBP-tagged rabaptin5, after which ErbB3 was pulled down with glutathione-beads and bound rabaptin5 assessed by immunoblotting. The data shows that rabaptin5 bound to ErbB3 in vitro, indicating that their interaction is direct (Fig. 5b) . The direct interaction between ErbB3 and rabaptin5 raises the question of whether or not ErbB3 also regulates the function of rabaptin5. Rabaptin5 is an effector and binding partner of both
Rab4 and Rab5 that in addition recruits Rabex5, the GDF/GTP exchange factor of Rab5. To determine if ErbB3 regulates the interaction of rabaptin5 with its effectors, we immuno-precipitated rabaptin5 from control or ErbB3 siRNA-transfected MCF10A cells and assessed bound proteins by western blotting.
Loss of ErbB3 did, however, not influence the ability of rabaptin5 to bind Rab4, Rab5 or Rabex5 (data not shown).
In order to gain further evidence that ErbB3 and rabaptin5 associate in endocytic compartments we examined their localization in MCF10A cells by confocal microscopy (Fig. 5c ). The data shows that Citrine-tagged ErbB3 and mCherry-tagged rabaptin5 partially co-localized in intracellular vesicles (Fig.   5c , upper panels), while they accumulated together in vesicles upon 30 minutes of treatment with primaquine ( Fig. 5c , lower panels).
Western blot examination revealed that rabaptin5 and GGA3 protein levels were significantly reduced upon siRNA-silencing of ErbB3, both in the presence or absence of primaquine (Fig. 5d,e ).
This appears to be due to reduced protein stability rather than reduced gene transcription, since depletion of ErbB3 resulted in a modest increase in mRNA levels of rabaptin5 and GGA3 (Fig. 5e ). In agreement, depletion of ErbB3 accelerated the turnover of GGA3 and rabaptin5 under conditions when de-novo protein synthesis was inhibited with cycloheximide ( Fig. 5f ). The reduced levels of GGA3 and rabaptin5 observed in ErbB3-depleted cells were rescued by treatment with the proteasome inhibitor MG132 but not the lysosome inhibitor chloroquine (Fig. 5g ). This result suggests that loss of ErbB3 promotes proteasomal degradation of GGA3 and Rabaptin5.
Assembly of the GGA3 adaptor complex on endosomes depends on the small GTPase Arf6 that binds to the GAT domain of GGA3. We therefore investigated if the reduced stability of GGA3 and its accessory protein rabaptin5, observed upon loss of ErbB3, results in impaired assembly of the Arf6-GGA3-rabaptin5 complex. MCF10A cells were transfected with control or ErbB3 siRNA, prior to treatment with primaquine or vehicle alone for 10 minutes. Harvested cell lysates were subsequently subjected to immunoprecipitation of Arf6 and western blotting for bound GGA3 and rabaptin5 (Fig.   5h ). The result shows that loss of ErbB3 indeed reduced the amount of GGA3 and rabaptin5 associated with Arf6 both in the presence or absence of primaquine.
Taken together, our data support the notion that ErbB3 promotes Rab4-dependent endocytic recycling of b1 integrins and TfR by promoting assembly of the Arf6-GGA3-rabaptin5 adaptor complex, by stabilising the GGA3 and rabaptin5 proteins.
Rabaptin5 is critical for recycling of b b1 integrins
Although previous studies clearly demonstrated the critical importance of rabaptin5 for directing b3 integrins towards Rab4-dependent recycling, the same has not yet been demonstrated for b1 integrins. We therefore traced surface-labelled b1 integrins in MCF10A cells transfected with either control or rabaptin5 siRNA by confocal imaging. The result indicated that loss of rabaptin5 directed internalised b1 integrins to degradation, similar to loss of ErbB3 ( Fig. 6a, b ).
Furthermore, we examined the impact of rabaptin5 on integrin b1 stability by pulse-chase analysis of protein turnover. Control or rabaptin5 siRNA-transfected MCF10A cells were labelled with 35 S-methionine/cysteine for 1 hour, followed by chasing with un-labelled amino acids at 37ºC. Integrin b1 was subsequently immunoprecipitated and retained 35 S-label was determined by autoradiography.
The data shows that rabaptin5-depleted cells exhibited accelerated integrin b1 turnover as compared with control-treated cells (Fig. 6c,d ). Previous work has shown that siRNA-mediated silencing of GGA3 similarly re-routes b1 integrins from Rab4-dependent recycling towards lysosomal degradation 15 . Thus, loss of rabaptin5 or GGA3 mimics the effect of loss of ErbB3 on endocytic sorting of b1 integrins, supporting the hypothesis that ErbB3 regulates endosomal trafficking by stabilising GGA3 and rabaptin5.
Discussion
In this paper we report that the RTK ErbB3 acts in a ligand-independent manner to promote fast endocytic recycling of both b1 integrins and the transferrin receptor. Endocytic trafficking of RTKs provides critical spatial and temporal control of the intracellular signalling events they trigger, which ultimately governs cellular response. Hence, the mechanisms by which RTKs internalise and traffic within the cell has been subject to intense scrutiny. While prevailing knowledge centers on RTKs as vesicular passengers, our study provides a compelling example of an RTK playing an integral role in the endocytic trafficking machinery per se.
RTK signalling is integrated at many levels with the regulation of endocytic trafficking of, most notably, integrins [37] [38] [39] . reported to function in a ligand-independent manner to scaffold an exocyst subcomplex needed to assemble autophagosomes 43 , inviting wider speculation that 'inactive' RTKs, as exemplified by EGFR and ErbB3, might play a more instrumental role in intracellular vesicular trafficking than commonly perceived.
We show that ErbB3 interacts with and stabilises GGA3 and rabaptin5 to promote assembly of the Arf6-GGA3-rabaptin5 clathrin-binding adaptor complex. GGA3 has previously been reported to be required to sort multiple cargos, such as b1 integrins, TfR, c-Met and major histocompatibility complex (MHC), for Rab4-dependent recycling 14, 15, 17 . It is therefore possible that ErbB3 drives recycling of not only b1 integrins and TfR, but all cargo that depends on Arf6-GGA3, although this remains to be thoroughly addressed. Furthermore, loss of ErbB3 redirects b1 integrins to lysosomes for subsequent degradation. This observation resembles the outcome of GGA3-depletion that also redirects both b1 integrin 15 and c-Met towards lysosomal degradation 14 , or rabaptin5 depletion that we find similarly causes trafficking of internalised b1 integrin towards lysosome degradation. These results support the conclusion that ErbB3 drives endocytic recycling by stabilising GGA3 and rabaptin5, thereby facilitating assembly of the Arf6-GGA3-rabaptin5 vesicular adaptor complex.
Previous studies have found that b1 integrins can physically interact with EGFR and traffic together 41, 44 . We did not find that depletion of ErbB3 influences internalisation of b1 integrins, nor did we observe any noticeable co-localisation of ErbB3 with Rab5-positive compartments. It is therefore possible that ErbB3 encounters b1 integrins first in early/sorting endosomes, presumably at the step when the cargo is sorted into Rab4-positive vesicles through engagement of the Arf6-GGA3-rabaptin5-complex. This possibility is supported by the observation that integrin b1 and ErbB3 co-localisation primarily occured upon treatment with the recycling inhibitor primaquine, when ErbB3 was retained in a Rab4-positive compartment. This coincided with binding of ErbB3 to GGA3 and rabaptin5, which we found also to be enhanced upon treatment with primaquine, in line with previous work showing that GGA3 is enriched in Rab4-, and to a much lesser extent Rab5-positive early endosomes and co-localised with endocytosed Met in these endosomes 14 .
Given the indication that ErbB3 encounters cargo destined for recycling first in early/sorting endosomes, one would predict that a pool of ErbB3 resides in the sorting compartment at all times, awaiting arrival of cargo. In line with this prediction, ErbB3 has been found to continuously endocytose and recycle back to the plasma membrane 27,28,45 independent of both ligand stimulation and other members of the EGFR family 45 . Notably, a unique feature of ErbB3 is that its steady-state level is, in contrast to EGFR or ErbB2, tightly controlled by ligand-independent ubiquitination by the E3-ligase Nrdp1 and subsequent proteasomal degradation 46, 47 . It will be interesting to address if this additional level of regulation of ErbB3 abundance is important to control steady-state availability of ErbB3 within endosomal compartments.
Our data shows that ErbB3 is required for delivery of b1 integrins to the leading edge of migrating sheets of epithelial cells and subsequently cell migration. Several studies have established that recycling of integrin promotes cell migration and cancer cell invasiveness 48, 49 , although retrograde transport of internalised b1 integrins via the TGN and back to the plasma membrane has also been reported to be important. Our data showing that loss of ErbB3 did not interfere with trafficking of VSV-G from the TGN to plasma membrane indicates that integrin trafficking via the TGN does not involve
ErbB3. It will be interesting to investigate if ErbB3, that is frequently overexpressed in metastatic cancers, could contribute to cancer dissemination in part by driving integrin recycling.
Methods
Cell lines and cell culture. MCF10A cells were cultured in DMEM/F12 (Gibco) supplemented with glutamine (Sigma-Aldrich), 5% horse serum (Gibco), 20 ng/ml epidermal growth factor (EGF) (Miltenyi Biotech), 0.5 mg/ml hydrocortisone, 100 ng ml -1 cholera toxin and 10 µg/ml insulin (all from Sigma-Aldrich). Where indicated, a starvation medium lacking serum, insulin and EGF was used. MCF7 TIRF microscopy images were analysed off-line using ImageJ. Briefly, cell footprints were manually identified and regions of interest covering the edges of the adherent cells were draw. Intensity changes within these regions through the time course of the experiment (45 min) were measured and exported to
Excel. All data points were background corrected, followed by normalization to the pre-stimulatory level (F/F0). Cells within large cell clusters were excluded from the analysis.
Transferrin recycling assay. Cells were incubated in starvation media supplemented with 25 mM 
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